An rbsB-lacZ gene fusion was constructed and used to select mutants defective in RBP export. The spontaneous Lac ؉ mutants isolated in this selection contained either single-amino-acid substitutions or a deletion of the RBP signal sequence. Intact rbsB genes containing eight different point mutations in the signal sequence were reconstructed, and the effects of the mutations on RBP export were examined. Most of the mutations caused severe defects in RBP export. In addition, different suppressor mutations in SecY/PrlA protein were analyzed for their effects on the export of RBP signal sequence mutants in the presence or absence of SecB. Several RBP signal sequence mutants were efficiently suppressed, but others were not suppressed. Export of an RBP signal sequence mutant in prlA mutant strains was partially dependent on SecB, which is in contrast to the SecB independence of wild-type RBP export. However, the kinetics of export of an RBP signal sequence mutant point to a rapid loss of pre-RBP export competence, which occurs in strains containing or lacking SecB. These results suggest that SecB does not stabilize the export-competent conformation of RBP and may affect translocation by stabilizing the binding of pre-RBP at the translocation site.
Proteins localized to the periplasmic space or the outer membrane of Escherichia coli are translocated through the hydrophobic barrier of the inner membrane via the general export pathway (19, 35) . The components of the E. coli translocation machinery localized to the inner membrane include SecY/PrlA (12) , SecE/PrlG (40, 42) , SecD (16) , SecF (16) , and SecG (Band 1, p12) (5, 32) proteins. Peripherally associated with the inner membrane translocation complex is the SecA protein, an ATPase which plays one of the most active roles in the translocation reaction (11, 46) . The sec gene products have been shown to play a role in protein translocation in vivo and in vitro. Genetic (2, 14) and biochemical (5, 32) evidence suggests that at least SecY, SecE, and SecG form a complex in the inner membrane. On the basis of the isolation of signal sequence suppressor alleles in secA, secY, and secE (the prl mutations), it is believed that the products of these genes participate in the early stages of translocation, prior to the removal of the signal sequence by leader peptidase (1) .
Proteins exported through the sec pathway contain a hydrophobic signal sequence at their N termini (20) . The signal sequence plays an important role in targeting the precursors to the export machinery at the membrane and promoting their rapid and efficient translocation. It has been shown, however, that the presence of the signal sequence is not essential for export (9) , and therefore that other cytoplasmic or membrane factors may interact with the mature protein domains to facilitate their entry into the export pathway. In addition, preproteins must be maintained in the cytoplasm in a conformation which is competent for export, characterized by what is thought to be a loosely folded, protease-sensitive structure (37) . The chaperone proteins SecB, GroEL, DnaK, and DnaJ assist exported proteins in maintaining this type of conformation and prevent aggregation and improper intramolecular interactions (3, 25, 27, 38, 47) .
Ribose-binding protein (RBP), the periplasmic component of the high-affinity ribose transport system (28) , is exported with wild-type kinetics in strains containing mutations in SecB or DnaK (15a, 24) . A chaperone protein that functions to maintain RBP in an export-competent conformation has not yet been identified. Depleting cells of the ffh gene product, which shows similarity to the 54-kDa subunit of the eukaryotic signal recognition particle (SRP), causes defects in the export of several proteins, including RBP (34) . Depletion of FtsY, a homolog of the SRP receptor, also causes a defect in the export of RBP (29) . Therefore, Ffh may bind the signal sequence of pre-RBP and, together with FtsY, stimulate RBP export.
According to the current model, SecB binds transiently to a specific set of proteins (25) and escorts them to the next component in the pathway, which is thought to be SecA (17, 18) . SecB binding maintains the export competence of precursor proteins (6, 26) . Precursors of the SecB-independent proteins alkaline phosphatase (PhoA) and RBP do not bind SecB in significant quantity (25) . Despite the inability to detect complexes with SecB, it has been reported that mutations in secB affect RBP export slightly under certain conditions (21) . PhoA requires SecB at low temperatures (27) or for prlA-mediated export when its signal sequence is deleted (9) . These observations raise the possibility that SecB plays a more general role in the sec pathway and is required for slow export of proteins which do not show SecB dependence when they are rapidly translocated. In this study, early events in RBP export were analyzed by using a collection of new RBP signal sequence mutations. Suppression of a signal sequence mutation by prlA suppressor mutations is shown to be partially dependent on SecB. However, the kinetics of export suggest that under these conditions, SecB does not maintain the export competence of mutant pre-RBP. We propose that SecB stabilizes the interaction of pre-RBP with the translocation site and thereby facilitates translocation.
MATERIALS AND METHODS
Bacterial strains. The E. coli K-12 strains used in this study are described in Table 1 . L broth, L-agar media, minimal M63 and M9 salts, and lactose-tetrazolium plates were prepared as described previously (31) . Minimal media were supplemented with thiamine (5 g/ml) and with 0.5% glycerol or 0.2% glycerol and 0.4% ribose as carbon sources. When appropriate, antibiotics were added to the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 34 g/ml; tetracycline, 20 g/ml; kanamycin 25 g/ml; streptomycin, 150 g/ml; spectinomycin, 150 g/ml; and carbenicillin, 50 g/ml. The sucrose sensitivity phenotype was assessed on L plates prepared without sodium chloride and supplemented with 5% sucrose.
Plasmids and plasmid constructions. All DNA manipulations, plasmid purification, and bacterial transformation were as described previously (30) . Clone pOF6 contained the rbsB gene, isolated from Kohara lambda phage 4F4 DNA (22) on a 3.7-kb HindIII fragment and inserted into the unique HindIII site of pKK223-3 (4). Plasmid pOF20, containing the wild-type rbsB gene, was constructed by ligating the 2.5-kb HindIII-PvuII fragment from plasmid pOF6 to the 2.6-kb HincII-HindIII fragment from vector pACYC184. The rbsB-lacZ fusion on plasmid pOF21 was made as follows. First, to place the fusion under control of the maltose promoter (10), the 446-bp EcoRI-AvaI fragment from plasmid pLH1 (malE ϩ ; kind gift of H. Shuman) containing the promoter was blunted and inserted into EcoRI-linearized and blunted pRS552 (kind gift of R. Simons), yielding plasmid pOF13. The rbsB-rbsC-containing 1.6-kb HindIII-HincII fragment from pOF6 was partially digested with Bal 31 nuclease and cloned into the unique BamHI site of pOF13, after filling the ends of both the vector and the insert with T4 DNA polymerase. One plasmid which gave blue colonies on L plates containing ampicillin and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) was designated pOF21. The fusion joint between the rbsB and lacZ genes was analyzed by DNA sequencing (49) with a Sequenase kit (U.S. Biochemical Corp.), using a DNA primer complementary to lacZ sequence. The DNA sequences of rbsB inserts in 18 mutant derivatives of plasmid pOF21 were determined by using a primer complementary to the rbsB gene, 5Ј CAGTAAT AACGACTAC3Ј, synthesized by Mike Berne of the Protein Analysis Facility at Tufts University School of Medicine. To reconstruct the rbsB gene containing different signal sequence mutations, the 3.0-kb BstXI-HindIII fragments from mutant derivatives of plasmid pOF21 were ligated with the 3.9-kb BstXI-HindIII fragment from pOF20. In this way, the following plasmids were constructed: pOF297D, pOF2912D, pOF2914E, pOF2915P, pOF2915R, pOF2915Q, pOF2916R, and pOF2917D, designated according to the amino acid substitution found within the RBP signal sequence.
Selection of spontaneous Lac ؉ mutants. To select for spontaneous Lac ϩ mutants of strain MC4100(pOF21), 18 independent cultures were inoculated with single colonies and grown to saturation at 30ЊC. From these cultures, approximately 4 ϫ 10 8 cells were plated on lactose-tetrazolium plates containing carbenicillin and incubated for 3 to 5 days at 30ЊC. From each plate, six Lac ϩ papillae (a total of 108 mutants), which arose spontaneously after different times of incubation, were picked and purified for further analysis.
Transfer of rbsB mutations to the chromosome. The rbsB17D signal sequence mutation was recombined onto the chromosome of an E. coli recD mutant strain DBP267 by linear transformation (41) . In the first stage, the 1,047-bp EcoNIEspI fragment containing the rbsB gene was deleted from plasmid pOF20 and replaced by the 3.8-kb nptI-sacB-sacR cassette from pUM24 (39) after treating the ends with T4 DNA polymerase. The resulting plasmid, pOF40, was digested with NaeI and XmnI; the 5.0-kb fragment containing the rbs::nptI-sacB-sacR insertion was purified and introduced by electroporation into DPB267 cells (recD::Tn10). Homologous recombination resulted in Km r Suc s colonies, which were unable to grow on minimal plates containing 0.2% ribose (strain OF731). The absence of RBP synthesis in this strain was confirmed by pulse-labeling and immunoprecipitation. The chromosomal nptI-sacB-sacR insertion into the rbs operon was replaced in the second phase by the 1.6-kb XmnI-NaeI fragment from plasmid pOF2917D, containing the rbsB17D signal sequence mutation. The fragment was electroporated into strain OF731, and colonies were selected on minimal plates containing 0.2% ribose. Colonies showing a Rib ϩ Suc r phenotype (strain OF738) were further tested for the presence of the signal sequence mutation by pulse-labeling and immunoprecipitation.
Amplification, cloning, and DNA sequence analysis of prlA suppressors. Suppressor alleles prlA1002, prlA1062, and prlA1074 were isolated as described previously (15) . To determine which base substitutions in these alleles were causing the suppressor phenotype, fragments of the prlA genes were cloned and the mutations were mapped by marker rescue as described previously (15) . Plasmids containing mutations were subjected to DNA sequence analysis. All mutant plasmids contained single-base substitution mutations, and the deduced amino acid changes are indicated in Table 1 . prlA1074 was found to be identical to the previously characterized allele, prlA666 (36) .
Preparation of anti-RBP antiserum. Wild-type RBP was isolated from overproducing strain HB1151, which was the kind gift of Lin Randall. Cells were converted to spheroplasts, and RBP was purified from the periplasmic fraction as described previously (43) . Immunization of rabbits with RBP, denatured with sodium dodecyl sulfate (SDS), was done as described previously (23) except that Hunter's TiterMax (CytRx Corporation, Norcross, Ga.) was used as an adjuvant.
Labeling, immunoprecipitation, SDS-PAGE, and fluorography. Labeling was performed as described previously (15) . Briefly, cultures were grown in M63 medium supplemented with either 0.5% glycerol and chloramphenicol or 0.2% glycerol and 0.4% ribose. Cells were pulse-labeled with Tran[
35 S]-label (10 Ci/ ml; ICN) for the indicated times, and when appropriate, chase was initiated by adding nonradioactive methionine and spectinomycin (100 g/ml). Cell extracts were prepared as described previously (26) and immunoprecipitated with anti-RBP antiserum, using IgGSorb (New England Enzyme Center). Analysis of samples by SDS-polyacrylamide gel (PAGE) and fluorography was done as described previously (26) . Densitometric analysis of the resulting fluorograms was performed by using ImageQuant software (Molecular Dynamics).
RESULTS

Phenotype of the rbsB-lacZ fusion and selection of spontaneous Lac
؉ mutants. Properties of ␤-galactosidase (LacZ) hybrid proteins have been exploited to select mutations which affect protein export (44) . In this study, a similar approach was taken to isolate mutants defective in the export of RBP. A fusion between the rbsB gene (encoding RBP) and the lacZ gene (encoding ␤-galactosidase) was constructed as described in Materials and Methods. The resulting plasmid, pOF21, encoded a hybrid protein containing the N-terminal 183 amino Spontaneous Lac ϩ mutants of strain MC4100(pOF21) were isolated as described in Materials and Methods. To determine whether the Lac ϩ phenotype of these mutants was due to chromosomal or plasmid-borne lesions, plasmid DNA was isolated from mutant candidates and used to transform wild-type MC4100 cells. All of the transformants obtained in this way were Lac ϩ , indicating that the plasmid contained the lesion. In addition, all mutant cells were cured of the plasmids and retransformed with wild-type pOF21. All of the retransformed cells were Lac Ϫ , indicating that none of them contained additional chromosomal mutations that would contribute to the Lac ϩ phenotype. To ensure that all of the mutants analyzed arose independently, only one pOF21 mutant from each independent pool was characterized further.
Sequence analysis of rbsB mutations and their effects on RBP export. Eighteen independently isolated pOF21 plasmid derivatives, which caused the Lac ϩ phenotype when introduced into wild-type MC4100 cells, were subjected to DNA sequence analysis as described in Materials and Methods. With the exception of one deletion, extending from residue 14 of the signal sequence to residue 15 of mature RBP, all of the mutations were single-amino-acid substitutions mapping in the hydrophobic core of the RBP signal sequence. The positions of the mutations within the RBP signal sequence are summarized in Fig. 1 .
To determine the extent of the export defects caused by the isolated lesions, proximal regions of the rbsB gene from the mutant pOF21 derivatives were fused to distal fragments of the wild-type rbsB gene to reconstruct full-length rbsB genes containing different signal sequence mutations. The export defects exerted by these mutations were analyzed by pulse-labeling with Tran[
35 S]-label in strain OF565, containing a complete deletion of the rbs operon, ⌬rbs-7 (28). As shown in Fig. 2A , the majority of the signal sequence mutations caused very strong RBP export defects. In most mutant strains, the export of RBP was almost completely blocked, as judged by the absence of detectable mature RBP. Somewhat less severe were the effects of mutations rbsB15Q and rbsB17D, which allowed export of low amounts of RBP after a 2-min labeling (13 and 2%, respectively, of the total immunoprecipitable RBP). The only exception was the export of the RBP12D mutant, which FIG. 1. RBP signal sequence mutations. The amino acid sequence of the RBP leader peptide is presented, with amino acid residues numbered starting from the initiating methionine. Below the wild-type sequence, mutations isolated in this study are indicated in the single-letter code. The nucleotide sequences of the mutants were determined as described in Materials and Methods. The positions of the amino acid substitutions isolated previously are shown above the sequence, with their original designations given in parentheses. Mutations rbsB103 (9P) (43) and Ϫ14AE (21) are spontaneous isolates, while RBP12-1 and RBP15-1 (7) were constructed by site-directed mutagenesis.
FIG. 2. Export defects of RBP signal sequence mutants in a prlA
ϩ strain background (A) and prlA suppressor strain backgrounds (B). Derivatives of plasmid pOF29 containing each RBP signal sequence mutation indicated at the top were analyzed in strains OF565 (prlA ϩ ), OF568 (prlA1001), OF572 (prlA1074), OF567 (prlA1002), OF571 (prlA1062), and OF570 (prlA1024). Cells were grown to mid-log phase in glycerol minimal medium containing chloramphenicol and labeled with Tran[
35 S]-label for 2 min. Cell extracts were immunoprecipitated with anti-RBP antiserum as described in Materials and Methods and analyzed by SDS-PAGE followed by fluorography. The resulting fluorograms are shown, with the positions of precursor and mature RBP indicated. The fluorograms were scanned densitometrically, and the calculated percentage of mature relative to total RBP is given below each lane. wt, wild type. was only mildly defective. Previously, similarly weak mutations affecting position 12 were isolated by using a different strategy (7, 21) .
prlA suppression of RBP signal sequence mutations. prlA mutations alter the SecY/PrlA protein so that export defects caused by signal sequence mutations are suppressed. Studies of prlA suppression of RBP signal sequence mutations may provide important insights into the early events of protein entry into the export pathway. Previously we described the isolation and properties of a number of prlA mutations suppressing maltose-binding protein (MBP) signal sequence mutations (15) . Here we studied the effects of these suppressors on the set of RBP signal sequence mutations.
To assess the ability of prlA mutations to suppress the export defects of RBP signal sequence mutants, RBP export was analyzed by pulse-labeling with Tran[
35 S]-label and immunoprecipitation. As shown in Fig. 2B , the RBP signal sequence mutations were suppressed to various extents by the prlA alleles tested. The export of the leaky mutation RBP12D was restored to wild-type levels by every prlA allele. Mutation RBP17D, which showed low levels of export in the prlA ϩ background, was significantly suppressed in all prlA mutants except prlA1062. Mutation RBP15Q, which also allowed some export in the wild-type background, was suppressed to a somewhat lower extent in prlA1001, prlA1002, and prlA1074 backgrounds but not in the prlA1062 or prlA1024 background. Mutation RBP14E, which conferred a severe export defect in wild-type strains, was significantly suppressed only in the prlA1002 mutant. In contrast, mutations RBP15P and RBP15R, as well as RBP7D, were suppressed extremely poorly in all prlA mutants analyzed.
Dependence of prlA suppression of RBP signal sequence mutations on SecB. Export of LamB and MBP is SecB dependent, and prlA suppression of signal sequence mutations in these proteins is completely abolished in the absence of SecB (15, 45) . As wild-type RBP export is unaffected in the secB null background, we investigated whether prlA suppression of RBP signal sequence mutations depended on SecB. To obtain a more precise estimate of the degree of SecB dependence, export of chromosomally encoded RBP17D was analyzed kinetically in the presence of two prlA alleles, prlA1002 and prlA1074. In the secB ϩ background, the two suppressors led to similar levels of RBP export, about 60% (Fig. 3 ). An interesting feature of the kinetics in both cases, however, was that export reached a plateau very rapidly, within 1 min of chase. Similar kinetics were observed previously in the export of the leaky signal sequence mutation Ϫ14AE (12E) in a prlA ϩ background (21) . This type of kinetics was not observed, however, when export of MBP signal sequence mutants was analyzed in the presence of these prlA suppressor alleles (15) . These results suggest that pre-RBP containing a mutant signal sequence loses its export competence rapidly.
In the secB null background, the levels of RBP17D export in the presence of prlA1002 and prlA1074 suppressors were about 50% lower (Fig. 3) than in the secB ϩ background. In prlA ϩ strains, however, the residual export of RBP17D was not affected by the introduction of the secB mutation (about 10% RBP was exported), indicating that SecB dependence was specific for suppressor backgrounds. Therefore, prlA suppression of an RBP signal sequence mutation partially depends on SecB. The kinetics of export, however, remain very similar to those in the secB ϩ background, suggesting that RBP export competence is not altered by the presence or the absence of SecB.
DISCUSSION
Isolation of signal sequence mutations of exported proteins such as MBP, LamB, or PhoA and analysis of their suppressors have been instrumental in elucidating the early events during protein export. In the case of RBP, four signal sequence mutations have been isolated previously; two, 9P (43) and 15K (7), caused very severe export defects, and two, 12E (21) and 12R (7), were described as leaky mutations. The present study of a collection of spontaneously isolated mutants showed that the majority of them almost completely abolished RBP export. Interestingly, mutations which introduced charged residues at position 12, although located in the center of the hydrophobic core, caused only minor export defects. A similar observation has been made in the case of mutations in position 17 of the LamB signal sequence (13) , although in this latter case residue 17 appears to lie outside the alpha-helical domain of the hydrophobic core. In the wild-type RBP signal peptide, according to recent biophysical studies, residues 3 to 20 participate in the formation of an alpha helix in a hydrophobic environment (48) . It is possible that the isolated amino acid substitutions at position 12 do not inhibit helix propagation to a significant extent.
Collier et al. studied the effect of the prlA402 suppressor mutation (identical to the prlA1001 used in this study) on the export of three RBP signal sequence mutants (7) . These authors found that the export of mutant RBP9-1 was restored to about 30%, while there was no significant suppression of the mutations RBP15-1 and RBP12-1. In contrast, in the present study, several prlA suppressors caused improvement in the export of many RBP signal sequence mutants. The efficient suppression of several RBP alleles resembles the previously characterized prlA suppression of LamB and other signal sequence mutations (1, 33) .
Osborne and Silhavy proposed that PrlA has a proofreading function and rejects precursors with defective signal sequences (33) . The prlA suppressor mutations are proposed to prevent SecY/PrlA from recognizing the signal sequence, so that signal sequence mutants are not rejected. In this model, recognition (15, 45) . However, in the case of RBP, prlA suppression of RBP17D was only partially dependent on SecB; significant export occurred in the absence of SecB. Suppression of RBP9-1 was also not dependent on the presence of SecB (7). These results suggest that SecB is not required for recognition and targeting of preRBP in prlA mutants. In addition, several RBP signal sequence mutations were not suppressed by the prlA suppressors. Therefore, a signal sequence-independent mechanism for recognition of pre-RBP may not exist. Since SecB and other chaperone proteins have not been shown to affect wild-type pre-RBP export, targeting of pre-RBP to the translocation site may depend on signal sequence binding by the Ffh complex or, since SecA binds signal sequences, by SecA. Some signal sequence mutations may cause a profound defect in the ability of Ffh or SecA to bind the signal sequence, and hence these mutants may fail to be targeted to the translocation site, resulting in failure to be translocated even in the presence of a prlA mutation. Other signal sequence mutations may retain some ability to be recognized by Ffh or SecA and correspond to the mutations that can be suppressed by a variety of prlA alleles.
In a previous study, Derman et al. demonstrated that translocation of a signal sequenceless derivative of the SecB independent protein PhoA in prlA mutant strains was dependent on SecB (9) . However, targeting of the molecule to the translocation site appeared to be SecB independent. In contrast, both translocation and membrane targeting of a signal sequenceless derivative of the SecB-dependent protein MBP required SecB in a prlA mutant strain. These results suggest that SecB is not involved in the recognition and membrane targeting of normally SecB-independent proteins such as PhoA.
Therefore, the effects of SecB on export of RBP signal sequence mutants and signal sequenceless PhoA may reflect an alternative activity of SecB distinct from cytosolic recognition and targeting. SecB may act to stimulate translocation at the membrane, where it could interact with one of the components of the translocation apparatus, such as SecA. SecB may facilitate the initiation of translocation by binding precursor molecules that are already located at the translocation site and stabilizing the interactions of these precursors with SecA or PrlA. This mode of action of SecB may rely on its affinity for membrane-bound SecA (17) . Hence, under conditions such that translocation is slow, SecB may bind these normally SecBindependent proteins after they have been delivered to the translocation site.
Consistent with the notion that SecB does not act by forming a cytoplasmic complex with pre-RBP, we found that pre-RBP lost export competence rapidly in the presence or absence of SecB. Most of the translocation of RBP17D in the presence of prlA mutations occurred during the first minute of chase (Fig.  3) . Similar kinetics were observed in the case of the RBP Ϫ14AE mutation in a wild-type prlA ϩ background (21); the export of this mutant RBP species also showed a small degree of SecB dependence. However, in the presence of a mutation in the early mature region of RBP, which slows down its folding, translocation could be observed at later time points (21) . In vitro studies with purified preRBP demonstrate that pre-RBP folds rapidly into an export-incompetent conformation and that SecB has little effect on pre-RBP folding and export competence (8) . Taken together, the results of Kim et al. (21) , Cox Rosemond et al. (8) , and this study suggest that maintaining pre-RBP export competence is unlikely to be the mechanism by which SecB promotes RBP export. In fact, reversible SecB binding may promote pre-RBP folding (21) . Thus, the export of signal sequence mutants of SecB-independent proteins may have revealed an alternative activity of SecB that may be important for slow translocation of proteins.
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